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PROJECTILE SHAPE EFFECTS ON HYPERVELOCITY 

IMPACT CRATERS I N  ALUMINUM 

By B .  P a t  Denardo 

Ames Research Center 

SUMMARY 

Linear h igh-dens i ty  polye thylene  cy l inde r s ,  with f ineness  r a t i o s  of  1/6, 
1/3,  2 /3 ,  1, and 3, and spheres  were launched i n t o  t h i c k  t a r g e t s  of ha rd  
(2024-T351) aluminum a t  v e l o c i t i e s  up t o  11.3 km/sec. 

The effects of p r o j e c t i l e  shape on t h e  var ious  crater  parameters were 
determined q u a n t i t a t i v e l y  from t h e  b a s i c  crater  dimensions : depth,  diameter ,  
and volume. I n  the  hyperve loc i ty  regime, t h e  dimensionless  pene t r a t ion ,  P/d, 
va r i ed  with t h e  p r o j e c t i l e  f i neness  r a t i o ,  1/d,  t o  t h e  1/4 power f o r  f ineness  
r a t i o s  between 1/6 and 1. For f ineness  r a t i o s  greater than  1, t h e  power 
increased  and approached u n i t y ,  as would be expected from shaped-charge j e t  
theory .  For engineer ing purposes ,  i n  t h e  hyperve loc i ty  regime, a sphere pro
duces the  same crater  as a cy l inde r  o f  equal  diameter  and 2/d of 2 / 3 .  

INTRODUCTION 

The crater r e s u l t i n g  from a p r o j e c t i l e  impacting a s e m i - i n f i n i t e l y  t h i c k  
t a r g e t  depends p r imar i ly  on: t h e  p r o j e c t i l e  diameter ,  dens i ty ,  and shape; t h e  
t a r g e t  dens i ty  and s t r e n g t h ;  t h e  v e l o c i t y  of t h e  p r o j e c t i l e  a t  impact; and t h e  
angle  between t h e  f l i g h t  pa th  and t h e  t a r g e t  face. 

A l l  of  t h e s e  f a c t o r s  have been s tud ied  exper imenta l ly ,  p a r t i c u l a r l y  t h e  
e f f e c t s  of v e l o c i t y ,  q u i t e  n a t u r a l l y .  References 1 through 6 are examples of  
t h e  experimental  t rea tment  of t h e  inf luence  of t h e s e  f a c t o r s  on c r a t e r i n g .  

The e f f e c t s  of p r o j e c t i l e  shape have rece ived  very l i t t l e  a t t e n t i o n .  
Theore t ica l  s t u d i e s  have usua l ly  concerned a c y l i n d r i c a l  p r o j e c t i l e  wi th  i t s  
length equal  t o  i t s  diameter ,  and t h e  a p p l i c a t i o n  of t h e  r e s u l t s  even t o  cy l in 
de r s  of o t h e r  f ineness  r a t i o s  is unce r t a in .  Experimental ly ,  it is  sometimes 
very d i f f i c u l t ,  i f  n o t  impossible ,  t o  launch any b u t  very s h o r t  p r o j e c t i l e s  a t  
very high v e l o c i t i e s ,  so t h a t  most of t h e  a v a i l a b l e  r e s u l t s  are f o r  cy l inde r s  
with f ineness  r a t i o s  less than 1, o r  f o r  spheres .  

I t  has been theo r i zed  ( see ,  e .g . ,  refs.  7 and 8) t h a t  t h e  c r a t e r  volume 
should b e  p ropor t iona l  t o  p r o j e c t i l e  energy, and hence ( f o r  a given v e l o c i t y )  
t o  t h e  p r o j e c t i l e  mass. Therefore ,  f o r  geometr ica l ly  similar craters,  t h e  
p e n e t r a t i o n  depth would vary  as t h e  cube roo t  o f  t h e  p r o j e c t i l e  mass. Under 
t h i s  r u l e ,  t he  r a t i o  of p e n e t r a t i o n  depth t o  p r o j e c t i l e  diameter  v a r i e s  as t h e  
p r o j e c t i l e  f i neness  r a t i o  t o  t h e  1/3 power ( f o r  a g iven  p r o j e c t i l e  d e n s i t y ) .  



To i n v e s t i g a t e  t h e  v a l i d i t y  o f  t h i s  hypothes is ,  an experimental  i n v e s t i g a t i o n  
w a s  undertaken t o  determine t h e  effect of  c y l i n d e r  f ineness  r a t i o  and p ro jec 
t i l e  shape on t h e  va r ious  crater parameters (pene t r a t ion ,  diameter,  shape, 
and volume) for impacts i n  t h i c k  hard-aluminum t a r g e t s  up t o  v e l o c i t i e s  of 
11 .3  km/sec. P r o j e c t i l e s  were l i n e a r ,  h igh-dens i ty ,  polyethylene cy l inde r s  
and spheres .  The c y l i n d e r  f ineness  r a t i o s  were 1/6,  1/3, 2/3, 1, and 3.  
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SYMBOLS 

diameter of  crater  measured i n  p lane  of undis turbed  su r face ,  mm 

p r o j e c t i l e  d iameter ,  mm 

length  of  p r o j e c t i l e ,  mm 

mass of  p r o j e c t i l e ,  gm 

pene t r a t ion  (maximum depth o f  crater) measured from undis turbed 
su r face ,  mm 

crater volume measured from undis turbed  s u r f a c e ,  c m 3  

p r o j e c t i l e  volume, c m 3  

v e l o c i t y  o f  p r o j e c t i l e  a t  impact, km/sec 

EXPERIMENTAL PROCEDURE 

The 5- t o  6-mm p r o j e c t i l e s  used i n  t h i s  experiment ( t a b l e  I )  were 
launched i n t o  f r e e  f l i g h t  by l i gh t -gas  guns. I t  was necessary t o  suppor t  t h e  
1 /6-ca l iber  cy l inde r s  and t h e  spheres  i n  sabo t s  i n  o rde r  t o  maintain s t r u c 
t u r a l  i n t e g r i t y  dur ing  launch. Other p r o j e c t i l e s  were launched without  s a b o t s ;  
t h e i r  diameters matched t h e  gun bore  at  t h e  time of  launch. 

The t a r g e t s  were made of  2024-T351 aluminum, wi th  a B r i n e l l  hardness  of  
nominally 120. Target  th ickness  and width were a t  least  four  times t h e  
p e n e t r a t i o n  depth and crater diameter,  r e s p e c t i v e l y .  

The b a l l i s t i c  range used is descr ibed  i n  r e fe rence  9.  I t  has s i x  spark  
shadowgraph s t a t i o n s ,  each p resen t ing  two or thogonal  views of t h e  p r o j e c t i l e  
i n  f l i g h t .  Two s t a t i o n s  were equipped with Kerr-cell s h u t t e r s  with exposure 
times of about 5 nsec,  so  t h a t  t h e  s t r u c t u r a l  i n t e g r i t y  of  t h e  model could b e  
a sce r t a ined .  The s i x  s t a t i o n s  provided a p o s i t i o n  time h i s t o r y  of t h e  p ro jec 
t i l e ' s  f l i g h t  and i t  was determined from t h e s e  records  t h a t  56 percent  of  t h e  
cy l inde r s  impacted t h e  t a r g e t  a t  approximately 0" angle  of  at tack, 90 pe rcen t  
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a t  angles of S o  o r  less, and 10 percent  a t  angles  g r e a t e r  than S o .  The maxi
mum angle a t  impact w a s  about 10". A s c r u t i n y  of  t h e  d a t a  revea led  t h a t  any 
anomalies due t o  angle  of impact were outweighed by t h e  inhe ren t  v a r i a t i o n  i n  
crater formation. 

A l l  crater dimensions were measured wi th  t h e  undis turbed t a r g e t  face as 
the  re ference  p lane .  Pene t r a t ion  depths were measured with a s p e c i a l l y  
adapted d i a l  i n d i c a t o r .  Cra t e r  diameters were measured with a f i l a r -
micrometer microscope. (Four readings from edge t o  edge of t h e  damaged area 
were made, then averaged t o  give t h e  diameter . )  Crater volumes were measured 
with a micrometer b u r e t  u s ing  a l i q u i d  composed of  water  and a wet t ing  agent .  

DISCUSSION OF RESULTS 

A compilation of t h e  p e r t i n e n t  d a t a  r e s u l t i n g  from t h i s  i n v e s t i g a t i o n  
can be found i n  t a b l e  I .  

These d a t a  were analyzed by t h e  technique employed i n  re ference  1. 
Consider t he  f o u r  b a s i c  nondimensional crater  parameters:  pene t r a t ion ,  P/d; 
diameter,  D/d; shape, P/D; volume, U/Up.  The volume of craters with s imilar  
p r o f i l e s  may be  expressed as 

U % PD2 (1) 

The p r o j e c t i l e  volume i s  

Up Q, d22 

Thus 

U/Up 2, PD2/d22 

bu t  

PD2/d2 2 = (P/d) (D/d) (D/P) (d/ 2)  

and so  

U/U P = cons t .  (P/d)2(D/d) (D/P) (d/2) (4) 

where t h e  dimensionless parameters ,  P/d, D/d, and D/P a r e  expressed as func
t i o n s  of t h e  p r o j e c t i l e  f i neness  r a t i o ,  2/d, and t h e  impact v e l o c i t y ,  v .  
With a l l  f o u r  crater parameters i n  a s i n g l e  equat ion,  b e s t  f i t s  t o  t h e  pene t ra 
t i o n ,  diameter ,  shape, and volume d a t a  were s imultaneously acquired,  
g raph ica l ly ,  t o  s a t i s f y  equat ion (4)  ( f i g s .  1 through 4 ) .  

Nondimensional pene t r a t ion  as a func t ion  of  impact v e l o c i t y  i s  shown i n  
f i g u r e  1. This s e t  of d a t a  w a s  used t o  determine t h e  t r a n s i t i o n  p o i n t  t o  t h e  
hyperve loc i ty  regime f o r  each shape.  The t r a n s i t i o n  v e l o c i t i e s  a r e  marked by 
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t i c k s  on t h e  i n d i v i d u a l  sets o f  d a t a .  Only those  d a t a  above t h e  t r a n s i t i o n  
p o i n t  were considered i n  determining t h e  effects of  p r o j e c t i l e  shape on impact.  
The v e l o c i t y  a t  which t r a n s i t i o n  occurs decreases  with inc reas ing  f ineness  
r a t i o .  The d a t a  f o r  s p h e r i c a l  p r o j e c t i l e s  show a t r a n s i t i o n  p o i n t  lower than  
t h e i r  counterpar t  (Z/d = 2/3) and deeper p e n e t r a t i o n s  a t  lower speeds.  

The nondimensional crater  diameter ,  shape, and volume parameters are 
shown as func t ions  o f  t h e  impact v e l o c i t y  i n  f i g u r e s  2 ,  3 ,  and 4 ,  r e s p e c t i v e l y .  
Crater diameter  is a l s o  p l o t t e d  i n  t h e  more usual  Car tes ian  form i n  
f i g u r e  2 (b ) .  

The f i t  t o  t h e  d a t a  i s  i l l u s t r a t e d  i n  f i g u r e  5 ,  where each parameter i s  
p l o t t e d  as a func t ion  of t h e  f ineness  r a t i o .  The fo l lowing  po in t s  are t o  be  
noted from t h i s  figure: (1) t h e  r a t i o  of c r a t e r  diameter  t o  p r o j e c t i l e  diam
e t e r  tends t o  become cons tan t  a t  very high f ineness  r a t i o s ,  a c h a r a c t e r i s t i c  
found by Nysmith and Denardo ( ref .  l o ) ,  al though no t  s t a t e d  i n  these  terms; 
(2) t he  p e n e t r a t i o n  depth approaches a l i n e a r  r e l a t i o n s h i p  with p r o j e c t i l e
length a t  a f ineness  r a t i o  of  3; and (3)  although t h e  power l a w  found f o r  t h e  
o t h e r  t h r e e  parameters dev ia t e s  beyond a f ineness  r a t i o  o f  1, t h e  l a w  f o r  
c r a t e r  volume app l i e s  t o  a t  least  a f ineness  r a t i o  of  3. 

Equations de f in ing  each c r a t e r  parameter are given below f o r  t h e  
hyperve loc i ty  impact regime: 

P/d = 0.34 (2/d)1’4(v)2/3 (5) 

D/d = 1.53 (2/d) ’ l2 (v)  1’2 ( 6 )  

P/D = 0.22 ( ~ / d )-1/4(v)1/6 (7) 

U/Up = 0.36 (2/d)1’4(v)5/3 (8) 

P r o f i l e s  of  t y p i c a l  c r a t e r s  formed by t h e  hyperve loc i ty  impact of  t h e  
var ious p r o j e c t i l e s  ( f i g .  6) c l e a r l y  i l l u s t r a t e  a s i g n i f i c a n t  change i n  c r a t e r  
shape with f ineness  r a t i o .  (The customary r a i s e d  l i p s  a s soc ia t ed  with high 
v e l o c i t y  impact are no t  seen  i n  f igu res  6 and 7 .  I t  was necessary t o  remove 
the  r a i s e d  p o r t i o n  o f  t h e  t a r g e t  faces  p r i o r  t o  s e c t i o n i n g  i n  order  t o  measure 
t h e  diameter and volume of t h e  c r a t e r . )  

An unusual c r a t e r i n g  process  was noted i n  t h e  f ineness  r a t i o  1/6 tes ts .  
Three d i s t i n c t  c r a t e r  p r o f i l e s  were found i n  var ious  p a r t s  of  t h e  v e l o c i t y  
range. A s  shown i n  f i g u r e  7,  a t  low speeds,  below 4 km/sec, a r a t h e r  shallow 
and very smooth crater  conta in ing  a small inden ta t ion  w a s  formed. (Note sub
su r face  cav i ty  d i r e c t l y  beneath inden ta t ion . )  Between 4 .5  and 7 km/sec, t h e  
small i nden ta t ion  grew t o  a rough-surfaced conica l  c a v i t y  with t h e  remainder 
of t he  crater  s u r f a c e  be ing  smooth. Above 7 km/sec, t h e  crater  was conica l  
shaped with a rough su r face  f i n i s h  similar t o  those  produced by cy l inde r s  with 
f ineness  r a t i o s  of 1 /3 .  

The technique o f  d a t a  f i t t i n g  appl ied  i n  t h e  hyperve loc i ty  regime was 
attempted a t  lower speeds .  Unfortunately,  no c o r r e l a t i o n  was found, due t o  an 
incons is tency  o r  lack  of  d a t a  f o r  some of t h e  p r o j e c t i l e  shapes t e s t e d .  
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CONCLUDING REMARKS 

The r a t i o  of pene t r a t ion  depth t o  p r o j e c t i l e  diameter  has been found t o  
vary with t h e  p r o j e c t i l e  f ineness  r a t i o  t o  t h e  1/4 power f o r  polyethylene 
p r o j e c t i l e s  impacting t h i c k ,  hard aluminum t a r g e t s  i n  t h e  hyperve loc i ty  impact 
regime. This r e s u l t  d i f f e r s  from t h e  commonly assumed value of 1/3, which is 
t h e  r e s u l t  of t h e  assumption t h a t  t he  pene t r a t ion  is a func t ion  of t h e  cube 
root  of t h e  p r o j e c t i l e  mass. One reason f o r  t h i s  dev ia t ion  is  t h a t  c r a t e r  
shape v a r i e s  s i g n i f i c a n t l y  with t h e  f ineness  r a t i o  of t h e  p r o j e c t i l e .  

The e f f e c t s  of p r o j e c t i l e  shape on t h e  c r a t e r i n g  parameters follows a 
power l a w  f o r  f ineness  r a t i o s  between 1/6 and 1; t h e  power devia tes  f o r  f i n e 
ness r a t i o s  above 1. I n  t h e  case  of t h e  c r a t e r  volume, however, t h e  power l a w  
exponent remains cons tan t  up t o  t h e  h ighes t  f ineness  r a t i o  t e s t e d  (2/d = 3 ) .  

Spheres produce c r a t e r s  similar t o  those  made by cy l inde r s  (of t h e  same 
diameter and ma te r i a l )  with f ineness  r a t i o s  of 2 / 3 ,  i n  t h e  hyperveloci ty  
impact regime. 

Ames Research Center 
National Aeronautics and Space Adminis t ra t ion 

Moffett  F i e ld ,  Cal i f . ,  94035, Sept .  11, 1968 
124-09-15-02-00-21 
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TABLE I.- SUMMARY OF PERTINENT DATA 

P r o j e c t i l e  m, d,  1 ,  P. D, u ,  V, 
iound 
1076 1/6-

gm
0.0154 5 . 0 8 3  0 . 8 4 8  3 . 7 1  

______ 
9.47  0 .082  6.986 

1079 c a l i b e r  .0164 5 . 0 9 8  .853  4 .04  8 . 9 4  .111 7 .673  
1084 c y l i n d e r  .0164 5 .083  .856  4 .32  1 0 . 3  .136 8 .344  
1085 .0155 5 .083  .831 4 .45  9 . 4 5  .129  8 .478  
1087 .0162 5 .083  . 8 3 3  4 .75  9 . 9 1  . 1 5 3  9 . 0 9 1  
1088 .0165 5 .083  .853 3 .76  8 . 4 3  . 0 8 3  6 . 7 2 1  
1089 .0160 5.080 .836 3.23 7 .92  .069  6 . 0 8 8  
1090 
1091 
1092 
1093 
1095 
1096 
1097 
1105 
566 

1/3-1 
.0164 
.0166 
.0168 
.0167 
.0164 
.0163 
.0158 
. 0 1 6 1  
.0457 

5 .080  
5 . 0 8 3  
5 . 0 8 3  
5 . 0 8 3  
5 . 0 8 3  
5 . 0 8 3  
5 . 0 8 3  
5 . 0 8 3  
5 .639  

.859 

.856 

.856 

.856  

.853  

.848  

.841  

. 8 4 1  
1 .880  

3 .00  
3 .30  
2.34 
2 .46  

.79 

. 9 1  
4 .72  
5 . 0 3  
7 .21  

7 . 6 5  
8.05 
7 .19  
7 . 1 6  
6 . 5 5  
6 . 6 5  
9 . 9 3  
9 . 9 1  

1 6 . 9  

.072  

.070  

.045 

.os0 

.023  

.025  

.159  

.189 

.692  

5.724 
5 .968  
4 .614  
4 .557  
3 . 1 7 3  
3 .650  
9 . 2 3 1  
9 . 7 5 5  

10 .587  
567 c a l i b e r  .0438 5.690 1 .829  7 .19  1 6 . 1  .624  10.826 
568 c y l i n d e r  .0453 5 .702  1 . 8 0 3  7 .54  1 7 . 0  .790 11 .295  
581 .0427 5 .664  1 . 8 0 3  6 . 6 3  1 4 . 9  .515 9 .597  
583 .0414 5 . 5 3 7  1 . 8 0 3  5 .66  1 3 . 4  .370  7 .775  
587 .0431 5 .664  1 . 8 0 3  4 .78  1 2 . 2  .226  6 . 7 4 1  

150 2/3- .0989 5 .860  3.889 6 . 7 3  20 .7  1 .082  7 .882  
708 c a l i b e r  .0968 5 .779  3 .886  7 . 6 5  22.2 1 . 4 1 0  9 . 2 9 6  

1049 cy1  i n d e r  .n874 5 .591  3 .741  7 . 1 6  2 1 . 1  1 . 1 1 0  8 . 9 0 3  
SP-785 , 1 0 6 1  6 . 0 7 1  4.064 6 . 1 0  1 8 . 3  .761  6 .770  
jP-861 . l o 1 9  5 . 8 6 7  4 . 0 1 3  2 .92  12 .6  .178  3.712 
3P-863 . l o 4 5  5 .906  4 . 0 1 3  4 .75  1 6 . 9  .468  5 . 7 4 1  
SP-868 . l o 2 3  5.880 4 . 0 1 3  3 .66  15 .0  .291  4 . 5 8 7  

137 1 - c a l i b e r  .1487 5.855 5.855 6 .30  2 2 . 1  1 .115  6 . 2 9 1  
139 cy1  i n d e r  .1504 5 .860  5 .931  6 . 9 1  22 .1  1 . 3 7 1  6 .754  
140 .1499 5 .857  5.880 6 . 9 6  23 .2  1 . 3 6 8  6 .922  
143  .1499 5 .852  5 . 9 3 1  7 .14  22 .4  1 .407  6 . 9 5 1  
144 .1512 5 . 8 5 2  5 . 9 3 3  7 .42  24 .0  1 .547  7 .283  
146 .1500 5 .860  5 . 8 7 5  6 .07  21 .6  1 .109  6.244 
147 .1490 5 . 8 6 7  5 .842  5 . 8 2  2 1 . 3  , 9 7 7  5 . 9 4 1  
148 .1496 5 . 8 6 7  5 .872  4 .95  20 .0  .772  5 .125  
153  .1501 5 . 8 6 7  5 . 8 9 3  6 . 9 6  23 .5  1 .414  6 .867  
155 , 1 5 0 6  5 .880  5.885 4 . 6 5  19 .0  .665 4 .770  
704 .1299 5 . 5 6 3  5 . 6 1 3  7 . 5 9  23 .7  1 .479  7 .980  
710 .1510 5 .870  5 .842  8 . 3 1  2 4 . 8  1 . 9 2 1  8 . 4 5 8  

1051 
1108 'I 

.1372 

.1527 
5 .692  
5 .900  

5 . 6 9 7  
5 . 8 9 5  

8 . 1 8  
8 . 7 4  

26 .2  
26.2 

1 . 9 0 3  
2 . 1 7 6  

8 . 4 4 1  
8 .780  

142 3 - c a l i b e r  .4487 5 .855  17 .49  1 . 8  2 9 . 1  3.452 4 .955  
145 c y  1i n d e r  .4489 5.855 1 7 . 6 0  1 . 9  27 .4  3 .562  5 .195  
149 .4515 5 .867  17 .59  0 . 0  2 2 . 8  2 .323  4 . 3 6 6  
151 . 4 5 0 1  5 , 8 6 7  17 .54  9 . 0 2  2 1 . 7  1 .814  3 .840  
152 .4490 5 . 8 5 7  17 .58  2 . 4  28 .9  3 .870  5 .404  

1058 s p h e r e  .0659 5 . 0 7 7  5 .077  4 .67  1 5 . 8  . 4 5 7  6 .046  
1059 . 0 6 6 1  5.085 5.085 4 .52  1 6 . 1  .428  5 .745  
1065 .0669 5.085 5.085 3 .96  1 4 . 9  .316  5 .102  
1066 .0674 5 .100  5 .100  3 . 4 8  1 3 . 6  .225  4.526 
1067 .0666 5 . 0 8 3  5 . 0 8 3  3 . 1 8  1 2 . 8  .187  4.180 
1068 .0662 5.085 5 .085  2 .97  1 2 . 2  .126  3.932 
1071 .0663 5 .060  5 .060  5 . 3 6  1 8 . 0  .60  1 7 .148  
1072 .0665 5 .067  5 .067  5.00 1 6 . 3  .459 6.404 
1075 .0663 5 .062  5 .062  5.84 1 8 . 2  .639  7.532 
1099 .0662 5.062 5.062 5 . 4 6  1 7 . 8  .617  7.314 
1100 .0665 5 .070  5 .070  5 .69  18.3 .704  7.728 
1101 .0664 5 . 0 6 7  5 .067  5 . 7 4  1 8 . 7  .735  7.887 

s h a p e  ~ _ _ _ _ _  mm mm mm mm cm3 km/sec 

588 1 .0438 5 .677  1 . 8 0 3  4 . 3 9  1 1 . 9  .210 6 . 3 9 5  

SP-905 I . l o 5 1  5 .969  4 . 0 1 3  7 .09  2 1 . 8  1 .250  8 .498  

1047 1 .5292 6 .200  1 8 . 5 9  3 . 4  3 1 . 5  4 . 7 7 0  5 .765  

1103 .0665 5.070 5 .070  5 . 2 6  1 7 . 2  .566 6.904 
1106 .0666 5 .083  5 .083  5 .99  18.6 . 7 5 3  8.252 
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